It is well known that broad beam irradiation with heavy ions leads to variation of the number of hit (s) received by each cell as the distribution of particles follows the Poisson statistics. Although the nucleus area will determine the number of hit(s) received for a given dose, the variation in the nucleus area amongst the irradiated cell population is generally not considered. In this work, we investigate the effect of the nucleus area distribution on the survival fraction. More specifically, this work aims to explain the deviation or tail which might be observed in the survival fraction at high irradiation doses.
Introduction
Decades have passed since the introduction of charged particles in radiobiology. Going from radiotherapy to radiation protection, the study of the effect of charged particles on living matter is still of great importance particularly with the increasing interest in the use of particle therapy in radiation oncology. The beam configurations generally used to study the in vitro cell response with heavy charged particle accelerators are: broad beam (Jeynes et al. 2013 , Schuff et al. 2002 , Scampoli et al. 2001 or micro-beam (Barberet et al. 2005 , Cholewa et al. 1997 , Folkard et al. 1997 , Gerardi et al. 2005 , Greif et al. 2004 , Merchant et al. 2012 . Although broad beams are associated with an inherent variation in the number of hit(s) per individual cell as the particle distribution follows a Poisson statistics, they are easier to implement and the large quantity of simultaneously irradiated cells made them a tool of choice to determine the survival fraction, the gold standard measurement in radiobiology.
Over the years a significant amount of work has been done to model the experimental survival curves, these include the Linear-Quadratic (LQ) model, the lethal-potentially lethal (LPL) model, the local effect model (LEM) (Curtis 1986 , Joiner and Kogel 2009 , Scholz and Kraft 1996 . However, although the Poisson distribution in the position of the incident particles is taken into account in some works (Heuskin et al. 2013 , Kundrat et al. 2005 , Pugliese et al. 1997 , the nucleus size variation amongst the irradiated cell population is generally not considered, even if this will determine the probability of hit(s) received by the nucleus of a given cell. The importance of the nucleus area is highlighted in the paper of Konishi et al. (Konishi et al. 2005) where two cell lines were irradiated with the same fluence and the nucleus area was measured. The cell lines used were cervix carcinoma HeLa cells (average nucleus area: 219 µm²) and Chinese hamster ovary CHO-K1 cells (average nucleus area: 127 µm²). After irradiation with 1.14 MeV/nucleon Fe ions at fluences ranging from 1 to 10x10 6 particles/cm², the inactivation cross section obtained were 96.8 ± 1.8 and 57.9 ± 5.4 µm² for HeLa and CHO-K1 cells, respectively. After normalisation of the inactivation cross section with the mean nucleus area, the ratio obtained, i.e. 0.442 ± 0.008 and 0.456 ± 0.039 for HeLa and CHO-K1 cells, respectively, show that approximately the same number of ions per nucleus was needed to cause cell death. This indicates that the nucleus size should be taken into account when comparing the survival fraction of two cell lines after irradiation with broad particle beams. In addition, a deviation, known as 'tail' effect, from the LQ model can be observed at high doses as shown by Belli et al. after irradiation of V79 and SQ20B cells with 30 to 35 keV/µm protons (Belli et al. 2000 , Belli et al. 1989 or Folkard et al. after irradiation of V79 cells with 88 and 105 keV/µm alpha particles (Folkard et al. 1996) . This deviation or tail was associated to poorly attached or shielded cells receiving an attenuated dose. These cells might strongly affect the survival fraction, especially at high doses. For example, we can consider cancer cells with a plating efficiency of 50% and with a  parameter equal to 1.5 Gy -1 after irradiation with 100 keV/µm alpha particles. Without shielded cells, the survival fraction at 5 Gy will be equal to 5.5x10 -4 . Now, if 1% of the cell were shielded, the survival fraction will be equal to 5.5x10 -3 (0.99 x 5.5x10 -4 + 0.01), thus about 20 times higher. From these observations, the results obtained at higher doses presenting a plateau or tail were associated with shielding and survival fractions were either not reported beyond 5 Gy or in some cases fitted with a negative  parameter. Nevertheless, even if the irradiation systems and the cell handling were improved to avoid cell shielding, a tail or a plateau region can be still observed at high doses. With their model, the probabilistic two-stage model, Kundrát et al. present a successful attempt to fit the plateau obtained by Folkard et al. (Kundrat 2006) . They showed that, at high doses, the integration of repair processes into the calculation of the survival fraction might lead to an upward bending but emphasize that additional experimental data are needed to test this hypothesis.
In this work we propose a model integrating the distribution in nucleus area and associated Poisson statistics to the LQ model and apply it to the results obtained after irradiation of LN18 glioblastoma cells with 85 keV/µm carbon ions. More specifically, this work aims to explain the deviation or tail observed at high radiation doses.
Material and Method

Broad beam dosimetry
In general terms, the absorbed dose is defined as the energy imparted by ionising radiation to matter per unit of mass (J/kg or Gy).
In the case of in vitro irradiation of a monolayer of cells with heavy charged particles, the macroscopic dose delivered from an ion fluence  (particles/cm²) can be given as:
Where, LET is the Linear Energy Transfer (keV/µm),  the cell density (g/cm³) and 1.6x10 -9 a unit conversion constant. From the LET, the chosen doses are reached by adapting the fluence.
At the cell scale, broad beam irradiation is a statistical process where the probability of n hit(s) within the nucleus of a cell is given by the Poisson statistics:
Where N is the number of incident ions over the irradiated area (A), and  0 is the ratio of the area of interest (i.e. the nucleus area, a) (cm²) and the irradiated area (cm²), a/A. Finally, N 0 represents the mean number of hit(s) per nucleus . As is equal to N/A, N 0 can be expressed as a. From equation 1 and 2, we can note that, while number of hit(s) per nucleus is related to the nucleus area, the nucleus area is not taken into account to determine the required fluence, to achieve a given dose, D.
Integration of the nucleus size variation in the survival fraction
The nucleus area can be widely distributed within a cell line leading to a wider distribution of the number of hit(s) per nucleus than the one due to the inherent Poisson statistics of the broad beam.
Indeed, for a given number of incident ions, the probability of being hit is related to the nucleus area, if this changes, the probability will change as well.
Finally, the overall cell population survival fraction, SF, will be a linear combination of the individual survival fraction, SF i , corresponding to each nucleus area and will be given by:
Where i refers to the i th nucleus area and y i the corresponding weight (i.e the proportion of cells with the same nucleus size) of a discrete distribution of nucleus size.
Each individual survival fraction, SF i , being related to its own Poisson statistics, where n is the number of hit(s):
With SF(D(n)) being the survival fraction associated to D(n), the macroscopic dose corresponding to n hits. This formula can be expressed as:
Where a i corresponds to the i th nucleus size,  and  are the radio-sensitivity parameters of the LQ model. The use of the same  and  for each individual survival fraction assumes that the cell response is not related to the nucleus size. This assumption implies that no tail should be observed after irradiation with a micro-beam and, although limited data are available, to the best of our knowledge no tail has been reported (Schettino et al. 2001 , Zhou et al. 2000 .
From equation 1, the fluence, can be replaced and SF is thus given by:
Finally, D(n) can be replaced by:
Where a mean is the mean nucleus area (cm²). The approximations done here are that energy imparted by hit is the same for each particle and that the energy deposited by one hit is the same regardless of the nucleus size. The first approximation is done for simplification even if the energy deposition is a stochastic process. The assumption that the same energy is deposited by one hit regardless of the nucleus size is also taken during micro-beam experiments where the cell nuclei are irradiated with the same number of ions without considering the nucleus size.
Cells culture and irradiation
LN18 glioblastoma cells were obtained from the American Type Culture Collection (ATCC, Middlesex, UK) and were confirmed Mycoplasma-free before use. The cells were cultured in Eagle's Minimum Essential Medium (EMEM) containing 10% foetal bovine serum, 1% penicillin/streptomycin, 4 mM L-glutamine, 1 mM sodium pyruvate, 1500 mg/L sodium bicarbonate, and 1% MEM eagle non-essential amino acids (Lonza, Berkshire, UK). Cells were maintained at 37°C with 5% CO 2 and 80% humidity, and passaged weekly by exposing them in 0.25% trypsin/versene and then re-suspended in growth medium.
Cells were irradiated with 85 keV/µm carbon-ion (265 MeV) beams accelerated by the Heavy Ion Medical Accelerator in Chiba (HIMAC) at National Institute of Radiological Sciences (NIRS) in
Japan. The cells were irradiated in broad field as described elsewhere , Suzuki et al. 2000 , Torikoshi et al. 2007 ).
Clonogenic assay
As described in (Barazzuol et al. 2014) , cells were irradiated in T25 flasks (Nunc, New York, USA) at 80% confluence. After irradiation, cells were seeded in 6-well plates under appropriate conditions and incubated for up to 14 days. Cells were fixed with 50% ethanol in phosphate-buffered saline (PBS) and finally stained with crystal violet. The colonies presenting more than 50 cells were scored to determine the plating efficiency of control cells and irradiated cells. The associated survival fraction was calculated based on three independent experiments.
Nucleus area measurement
Cells were cultured in Lab-Tek flasks on microscopic slide (Nunc, New York, USA) at 80% confluence to match the conditions used for the irradiation. Cells were fixed in paraformaldehyde, washed three times with PBS and permeabilized in 0.2% Triton-X100 in PBS (Sigma-Aldrich, Dorset, UK) for 5 min at room temperature. Cells were stained with 2.5 µg/ml DAPI (4',6-diamidino-2-phenylindole dilactate) (Invitrogen, Oregon, USA) (100 ng/ml) in PBS for 1 min in the dark at room temperature. After three PBS washes, coverslips were mounted with 10 µl of Prolong Gold anti-fade reagent (Invitrogen, Oregon, USA). Samples were analysed using a fluorescent microscope (Nikon Eclipse Ci) with a 40 times objective. The image analysis software of the microscope was used to measure the nucleus area.
Results
Influence of the nucleus area distribution on the survival fraction
This part studied the influence of the term y i in equation 3 on the survival fraction. To determine the influence of both the mean and the spread of the nucleus area over a population of cells, we used a normal distribution characterized by a mean, a mean , and a standard deviation, . For the following simulations, the radio-sensitivity parameters  and  have been set to 1.50 Gy -1 and 0.0 Gy -2 , respectively and the LET, determining the fluence, was set to 100 keV/µm.
Firstly, the influence of the standard deviation was studied with a distribution characterized by a mean value of 150 µm² ( Figure 1a) . One can observe a tail at high doses for the wider distribution. This is due to the smaller nuclei for which the average number of hit(s) is lower. Indeed, for a dose of 5 Gy, the nucleus with a mean area of 150 µm² will receive 46.9 hits in average while the 50 µm² area nuclei will only receive 15.6 hits. For comparison, the results obtained for  equal to 0 µm², i.e. a constant size value, are also displayed.
The influence of the mean is shown in Figure 1b in which the standard deviation was kept to a third of the mean. We can observe a small decrease in the survival fraction with the increase of the mean nucleus area; however, the tail seems not to be influenced.
Finally, the influence of the standard deviation, , on the hit probability is presented in Figure 2 . The probability of n hit(s) is calculated from the Poisson distribution of the beam for a dose of 2 Gy at a LET of 100 keV/µm (N = 12.5x10 6 particles) and normal nucleus area distribution (a mean = 150 µm²) and is given by:
Where i refers to the i th nucleus area and y i the corresponding weight, in this case given by a discrete normal distribution. Figure 2 presents the hit probability for different standard deviation. For a corresponding to 0 µm², the variation in the number of hit is due to Poisson statistics. While the mean number of hit is equal to 18.75, we can observe that an increasing standard deviation leads to an increased variation in the number of hit(s) per nucleus. 
Influence of α and β on the survival fraction
To study the influence of the  parameter, the mean nucleus size was set to 150 µm² and the standard deviation to 50 µm². The results obtained with a  parameter set to 0.0 Gy -2 are presented in Figure   3a . The results highlight that a higher value of  is required to obtain a tail. For comparison, the results obtained for a constant nucleus area are also displayed for set to 0.5 Gy -1 .
The influence of the  parameter was studied with the same nucleus size distribution. The simulations were performed for a  parameter of 0.50 Gy -1 (Figure 3b ). As expected, the results show a decreasing shouldered survival fraction with an increasing  parameter. Moreover, the increase of the  parameter combined with the wide nucleus size distribution leads to a concave curve related to a tail. This is the case even when the value of the  parameter (with a  parameter set to 0.0 Gy 
The case of low LET irradiation with low radio-sensitivity parameter
If the cell irradiation is performed with low LET, than the number of incident particles increases to reach a chosen dose. This means that for a given nucleus size, the Poisson distribution influence is limited on the dose variation for a given nucleus area. Indeed, for an increasing number of incident particles (N), the relative variation in the number of hit(s) per nucleus decreases and a good approximation is that the probability of the mean number of hit(s), p(N 0 ), is equal to 1. Thus, each cell with the same nucleus size will receive the same number of hit(s). In other words, the variation in the number of hit(s) per nucleus amongst a cell population is only related to the nucleus size variation and not to the Poisson distribution of the beam. Moreover, for low LET, the  and  parameter are generally small and this will limit the influence of the nucleus size variation. Figure 4 presents an example for  and equal to 0.2 Gy -1 and 0.02 Gy -2 , respectively. The mean nucleus size is set to 150 µm² and the standard deviation to 0, 10, 25 and 50 µm².
One can observe that, for low radio-sensitivity parameter, a slight upward bending of the survival fraction is only observed in the case of wide distribution ( set to 50 µm²) and for high doses (above 10 Gy). For narrower distribution, no tail is observed at high dose but a linear behaviour might be observed. Moreover, the simulated data have been fitted with the LQ model using Origin 8.6
(OriginLab) and ² minimisation method. The calculated parameters and the calculated  ratio are presented in Table 1 . The relative variation of the parameter in comparison to the initial ones ( = 0.2 Gy -1 , 0.02 Gy -2 ) are also presented. 
Application to experimental data
LN18 survival fraction after 85 keV/µm carbon ion irradiation.
LN18 glioblastoma cells were irradiated with a 85 keV/µm carbon ion broad beam. The survival fraction obtained is presented in Figure 5a . The experimental data have been fitted with a linear model using Origin 8.6 (OriginLab) and ² minimisation method. The determined radio-sensitivity parameter  is equal to 1.46 ± 0.035 Gy -1 . The ² value obtained from the fitted survival is 26.2, corresponding to a reduced ² of 3.84.
On this figure, we can observe a deviation between the experimental data and the linear model at higher doses.
The nucleus area was determined from the DAPI staining of the DNA content and the distribution is presented in Figure 5b from the measurement of 612 cells. A normal fit of these data gave a mean size, a mean , of 161.7 µm² and a standard deviation, , of 34.8 µm². The formulation of the survival fraction described in this paper was used to try to fit the experimental data and more particularly the deviation at high doses.
We firstly used the measured nucleus area and a  parameter equal to 1.46 Gy -1 (Figure 6 ). We can observe that the use of the nucleus area distribution leads to a tail at high doses, which matches the survival at 6 Gy. However, the nucleus area distribution leads to an overestimation of the survival fraction at medium doses (from 1 to 4 Gy) leading to a calculated ² of 62.5.
To obtain a better fit of the experimental data, a python program integrating a nucleus area normal distribution, the associated Poisson statistics and the LQ model was built. The python version 2.7.3
(https://www.python.org/download/releases/2.7.3/) was used with the numpy package 1.6.0. The python optimizer (Nelder-Mead method) was used for the least square minimization on the logarithm of the survival fraction. The  parameter and standard deviation found are 0.306 Gy -2 and 47.7 µm² leading to a ² equal to 1.92, corresponding to a reduced ² of 0.384 which 10 times lower than the one obtained with the linear model and below 1. 
V79-379A survival fraction after 88 and 105 keV/µm alpha particles irradiation.
This model was also tested on the data generated by Folkard et al. after irradiation of V79-379A cells with 88 and 105 keV/µm alpha particles (Folkard et al. 1996) for which a tail was observed. The data were fitted using the same method and the results obtained are presented in Figure 7 . The best fits obtained lead to  equal to 0.196 Gy -2 and  to 23.3 µm² (for a mean set to 100 µm²) for 88 keV/µm alpha particles and to  equal to 0.198 Gy -2 and  to 22.9 µm² for 105 keV/µm. The area distributions found by the optimizer are in very good agreement (within 2%). 
Discussion and Conclusions
The gold standard measurement in radiobiology is the survival fraction and when it comes to heavy charged particles, broad beam are generally used as they enable a large number of cells to be irradiated simultaneously. The survival curves obtained after irradiation are generally fitted using the Linear-Quadratic model, or Linear model for higher LET radiations. However, at high doses, a deviation from these models can be observed as shown by Belli et al. (Belli et al. 2000 , Belli et al. 1989 or Folkard et al. (Folkard et al. 1996) . These tails have been associated to shielded cells, and although, a shielding effect of some cells may arise in some experimental set-ups or from the use of low energy particles, this might not be the only explanation.
In this paper, we asked the question about the influence of the area of the nucleus and its size distribution on the survival fraction and especially how this might explain some of the tail observed at higher doses. The model proposed in this study integrates the nucleus size distribution and the 7). The strong influence of  is due to the increasing variation of the hit probability as shown in Figure 2 . More particularly, it is due to the increase probability of a lower number of hit(s) per nucleus due to the presence of small nuclei.
For a given distribution, we have studied the influence of the LQ parameters,  and , and we showed that, for  set to 0.0 Gy -2 , α value higher than 0.5 Gy -1 is required to lead to a tail in the survival fraction even if a wide distribution is used. However, increasing  parameter can lead to a plateau region even for small  parameter. The presence of an upward bending for increasing  parameter is related to an increase in the weight of the smaller nucleus. More particularly, the appearance of a tail with an increasing  parameter is due to the exponential behaviour of SF(n).
Indeed, a larger nucleus will be strongly affected by an increase of the  parameter with respect to smaller nuclei. For example, for the normal nucleus area distribution used here, the two extreme nucleus areas, corresponding to a y i ≃ 0.003, are 10 µm² and 290 µm². For 10 µm², the overall survival fraction at 5 Gy given by ) ( ) ( n SF n p n i  , is equal to 0.85 and 0.63 for  parameters equal to 0.5 and 1.5 Gy -1 , respectively. These values have the same order of magnitude. For of 290 µm², the survival fraction are 9x10 -3 and 1.5x10 -6 for  parameters equal to 0.5 and 1.5 Gy -1 , respectively, corresponding to a decrease of more than two orders of magnitude. This small example highlights the dramatic influence of the  parameter increase on the overall survival for the larger nucleus. As the increase of the  parameter, the appearance of a tail with increasing  parameter is due to the exponential behaviour of the survival fraction and its influence on larger nuclei with respect the smaller ones.
The case of low LET has also been studied and highlighted that, for low LQ parameter, an upward bending will be observed only for wide nucleus size distribution and only at very high doses (above energy deposition process, we think that the observations made for low LET particles can be extended to X-rays survival curve. This can explain the linear behaviour which might be observed at high doses and cannot be fitted with the LQ model as shown by Garcia et al. (Garcia et al. 2006) . Moreover, the simulated survival points have been fitted with the LQ model and the change in the radio-sensitivity parameter obtained increases with the standard deviation. As the distribution of nucleus area becomes wide, tends to increase while  decreases with variation up to 11.5% and 66%, respectively.
Consequently, the calculated changes drastically to reach more than three time the initial value for the wider size distribution. In other words, the nucleus size distribution amongst the irradiated cell population will change the obtained survival fraction and if the size distribution is not taken into account, the obtained radio-sensitivity parameters will not be the intrinsic ones as shown in Table 1 .
Finally this model was used to fit the survival data obtained after irradiation of LN18 cells with 85 keV/µm carbon ions where the tail that was observed at higher doses could not be explained by shielded cells. Indeed, the HIMAC facility delivers a beam with a spot size larger than the T25 flask and the range in water of 265 MeV carbon ions is more than 1.5 mm. The measured nucleus areas of the LN18 cells were used and the results presented in Figure 6 . These display a tail and the use of the  parameter allows us to match the survival at medium doses as well. The reason why the standard deviation found from the minimization method is higher than the one found from the fit of the nucleus size measurement (47.7 µm² instead of 34.8 µm²) is because of the probability of smaller nucleus.
Indeed, the measurement show that the probability of having a 50 µm² nucleus is ~8x10 -3
, with a 47.7 µm² normal distribution this probability is equal to 9.7x10 -3 and falls to 1.1x10 -3 for 34.8 µm² distribution. This model was also successfully tested on the data by Folkard et al. after irradiation of V79-379A cells with 88 and 105 keV/µm alpha particles (Folkard et al. 1996) for which a tail was observed. As presented in the results section, a  parameter was used in combination to the nucleus area distribution in order to fit the experimental data.
A further step for this work would be to consider the stochastic nature of the energy deposition as well as consider the effect of the track structure and more particularly the non-zero radial extension of the track. Indeed, as shown in the commentary of Cucinotta et al. (Cucinotta et al. 1998) , the width of an ion track due to the lateral extension of secondary electron can be considerable. They showed that for 20 MeV/nucleon carbon ions and 100 µm² cells, the track area (core + penumbra) can be around 10 times higher than the cell area for an energy cut-off set to 1 mGy leading to the possible irradiation of adjacent cells. Moreover, this means that the smaller is the nucleus the higher is the probability that part of the energy will be deposited outside the nucleus. In addition to the Poisson statistics, this lead to a further decrease of the macroscopic dose associated to smaller nuclei compared to larger ones.
To conclude, we highlighted the influence of the nucleus area distribution on the survival fraction and especially at high doses and where this can lead to a deviation from the LQ model. Although this tail (or plateau) can be related to shielded cells for low energy and/or small beam irradiation, it is also being found after high energy broad beam irradiation. We have shown that the determination of the nucleus area distribution and its integration into the calculation of the survival fraction should be taken into account and might explain the observed results.
In addition, we showed that, by taking into account the area distribution of the nucleus, a positive  parameter can be used to obtain a better fit of the survival fraction measured after high LET irradiations. Moreover, we showed that, for low LET radiation, the nucleus size variation will influence the survival fraction and thus might lead to an erroneous calculation of the radio-sensitivity parameter and consequently of the / ratio. These finding are of interest for treatment planning as the / ratio might be used in addition to the relative biological effectiveness.
